Lactobacillus casei strains are lactic acid bacteria (LAB) that colonize diverse ecological niches, and have broad commercial applications. To probe their evolution and phylogeny, 40 L. casei strains were characterized; the strains included isolates from plant materials (n59), human gastrointestinal tracts (n57), human blood (n51), cheeses from different geographical locations (n522), and one strain of unknown origin. API biochemical testing identified niche-specific carbohydrate fermentation profiles. A multilocus sequence typing (MLST) scheme was developed for L. casei. Partial sequencing of six housekeeping genes (ftsZ, metRS, mutL, nrdD, pgm and polA) revealed between 11 (nrdD) and 20 (mutL) allelic types, as well as 36 sequence types. Phylogenetic analysis of MLST data by Reticulate and split decomposition analysis indicated frequent intra-species recombination. Purifying selection was detected, and is likely to have contributed to the evolution of certain L. casei genes. Pulsed-field gel electrophoresis (PFGE) using SfiI was able to discriminate all the isolates, even those not differentiated by MLST. Phylogenetic trees reconstructed based on the MLST data using minimum evolution algorithm, and the SfiI-PFGE restriction patterns using the unweighted-pair group method with arithmetic mean (UPGMA), revealed consensus clusters of strains specific to cheese and silage. Topological discrepancies between the MLST and PFGE trees were also observed, suggesting that intragenic point mutations have accumulated at a slower rate than indels and genome rearrangements in L. casei. The L. casei population analysed in this study demonstrated both a high level of phenotypic and genotypic diversity, as well as specificity to different ecological niches.
INTRODUCTION
Lactobacillus casei strains are Gram-positive, facultatively anaerobic, industrially important lactic acid bacteria (LAB) that have been primarily used as probiotics and speciality cultures for cheese flavour development (Mayra-Makinen & Bigret, 1998) . Their broad commercial applications may reflect their remarkable ecological adaptability to diverse habitats. L. casei may be isolated from raw and fermented dairy products, intestinal tracts and reproductive systems of humans and animals, as well as fresh and fermented plant products (Kandler & Weiss, 1986) . The genetic basis for ecological flexibility in L. casei is not fully understood; however, comparative genomic analyses have suggested extensive gene loss and gene acquisitions during evolution of lactobacilli, presumably via bacteriophage-or conjugationmediated horizontal gene transfers (HGTs), and these may have facilitated their adaptation to diverse ecological niches (Makarova et al., 2006) . For example, milk-and vegetableassociated subspecies of Lactobacillus delbrueckii have a high level of genetic heterogeneity, and correlations have been shown between specific gene loss/acquisition and the ability of this species to colonize specific habitats (Germond et al., 2003) . Moreover, comparative genomic analysis on 20 Lactobacillus plantarum strains of various sources revealed genomic regions with unusual base composition, indicative of evolutionarily recent acquisitions (Molenaar et al., 2005) .
Molecular typing of L. casei is crucial to understanding the evolutionary adaptation of this species to different ecological niches. Moreover, definitive identification of L. casei at the strain level is important for a variety of industrial applications, as it facilitates tracking of specific strains with industrially relevant properties, such as probiotic, sensorial or antimicrobial attributes. To date, several molecular typing approaches, including pulsed-field gel electrophoresis (PFGE; Tynkkynen et al., 1999) , randomly amplified polymorphic DNA (Tynkkynen et al., 1999) , rRNA restriction fragment length polymorphism (Chen et al., 2000) , temporal temperature-gradient gel electrophoresis (Vasquez et al., 2001) , and repetitive element PCR (Michael et al., 2006) , have been applied to L. casei, with PFGE reported to provide the highest discriminatory power among these methods. However, these techniques have less utility in defining underlying phylogenetic relationships, and multilocus sequence typing (MLST) is of value in this regard (Enright & Spratt, 1999) . By partially sequencing six or seven housekeeping genes, MLST characterizes the alleles present at several relatively conserved genomic loci and, as a result, differentiates bacterial strains. First introduced in 1998 (Maiden et al., 1998) , MLST has been used to characterize many bacterial pathogens (Lacher et al., 2007; Olvera et al., 2006; Nightingale et al., 2005) and several LAB species, such as Oenococcus oeni (de las Rivas et al., 2004) and L. plantarum (de las Rivas et al., 2006) , but it has not yet been applied to L. casei. Additionally, bacterial population structures can often be inferred from the MLST data. While the population structures for bacterial pathogens are often found to be clonal (Olvera et al., 2006) or epidemic (Miragaia et al., 2007) , recent MLST studies of two LAB species, O. oeni and L. plantarum, have demonstrated that both species have panmictic non-clonal population structures, suggesting substantial recombination (de las Rivas et al., 2004 Rivas et al., , 2006 .
The goals of this study were to gain comprehensive knowledge of the phenotypic and genotypic characteristics of L. casei isolated from different environments [cheeses, fermented plant materials, human gastrointestinal (GI) tracts and human blood] and a better understanding of the evolutionary adaptation of L. casei to different ecological niches. To achieve this goal, we assembled a set of 40 L. casei isolates from various sources, and used these strains to: (i) develop an MLST scheme for L. casei; (ii) apply MLST to assess phylogenetic relationship and evolutionary characteristics of these isolates; (iii) identify niche-specific phenotypic and genotypic traits; and (iv) compare, at a methodological level, the discriminatory powers of MLST and PFGE for L. casei.
METHODS
Bacterial strains. A total of 40 L. casei strains were selected and characterized in this study (Table 1) . These included strains isolated from fermented plant materials (n59), human GI tracts (n57), a human blood sample from an immunocompromised patient (n51), cheeses from different geographical locations (n522), and one strain of unknown origin. Stock cultures were stored at -80 uC in 20 % (v/v) glycerol. Working cultures were prepared from frozen stock by two transfers in MRS broth (BD Biosciences), without shaking, for 16-18 h at 37 uC.
API biochemical testing. API tests were performed as described previously (Broadbent et al., 2003) , except that L. casei strains were incubated at 37 uC. API results of 3, 4 and 5 were interpreted as positive, whereas 0, 1 and 2 were interpreted as negative. When calculating percentage frequencies of strains able to utilize carbohydrates, 1 was given for positive results, and 0 was given for negative results.
PFGE. PFGE gel plugs were prepared utilizing the CHEF Genomic DNA Plug Kits for bacterial DNA (Bio-Rad). Agarose-embedded DNA was digested with 50 U SfiI (Promega) for 16-18 h at 50 uC. The restriction fragments were separated by electrophoresis in a 1 % PFGE certified agarose (Bio-Rad), using a CHEF DR II apparatus (Bio-Rad) in 0.56 Tris borate EDTA buffer as follows: initial switch time, 1.0 s; final switch time, 20.0 s; start ratio, 1.0; temperature, 14 uC; run time, 22 h; voltage, 200 V. The gels were stained in ethidium bromide solution (10 mg ml
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) for 20 min, followed by three distilled water washes. DNA fingerprint patterns were interpreted by Bionumerics 4.0 software (Applied Maths). A dendrogram representing strain relatedness was determined using the unweighted pair group method using arithmetic means (UPGMA) with Dice coefficients based on the SfiI restriction profiles for PFGE.
MLST loci selection. Intragenic regions of six housekeeping genes were selected for the MLST analysis (Table 2) . General criteria for gene selection included the chromosome locations (preferably evenly separated across the entire genome), functions of the encoded proteins (preferably conserved and well characterized), presence in all the strains as a single copy, and size of at least 1 kb (convenience of PCR primer design). In addition, pgm was selected based on the results of a previous study on L. plantarum (de las Rivas et al., 2006) , while ftsZ has been shown to be polymorphic in several LAB strains (Zhang & Dong, 2005) . Selection of the remaining loci (polA, mutL, metRS and nrdD) was based on the presence of single nucleotide polymorphisms (SNPs) between L. casei ATCC 334 and L. casei 12A. These SNPs were identified in a previous study using comparative genome microarrays (H. Cai, J. R. Broadbent & J. L. Steele, unpublished data).
PCR amplification and DNA sequencing. Genomic DNA was extracted using an AquaPure Genomic DNA kit (Bio-Rad), with a 16-18 h proteinase K (final concentration, 100 mg ml
; Invitrogen Life Technologies) treatment at 55 uC, and it was stored at -20 uC prior to use. PCR primers (Table 2) were designed using Primer3 (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), on the basis of known gene sequences in L. casei ATCC 334. An approximately 800 bp internal fragment of each gene was amplified to allow accurate sequencing of a 600-700 bp fragment within each gene. PCR amplification was performed using iProof High-Fidelity DNA polymerase (Bio-Rad) with an iCycler Thermal Cycler (Bio-Rad). A single PCR programme was used for amplifications of all six housekeeping genes (initial denaturation at 98 uC for 30 s, followed by 35 cycles of 98 uC for 30 s, 60 uC for 30 s, and 72 uC for 30 s; final extension at 72 uC for 10 min; and holding at 4 uC). A 50 ml reaction was prepared according to iProof High-Fidelity DNA polymerase directions. Following amplification, PCR mixtures were loaded on a 0.8 % UltraClean agarose gel (Invitrogen Life Technologies), and separated by electrophoresis at 120 V for 1.5 h. The DNA bands (~800 bp) were excised from the gel, and purified using a Pure Link Quick Gel Extraction Kit (Invitrogen Life Technologies). DNA sequencing was performed with a Bigdye Kit (Biotech Center, University of Wisconsin), using the following conditions: 35 cycles of 94 uC for 30 s, 50 uC for 20 s and 60 uC for 4 min; and holding at 4 uC. Sequencing products were purified with magnetic beads (Beckman Coulter), and then sent to the Biotech Center for sequence determination.
MLST data analysis. Multiple sequence alignments were performed using molecular evolutionary genetic analysis (MEGA) software version 3.1 (http://www.megasoftware.net). Descriptive evolutionary analyses such as mol% G+C content, d S /d N ratios (where d S is the number of synonymous substitutions per synonymous site, and d N is the number of non-synonymous substitutions per non-synonymous site), and number of polymorphic sites and SNPs, were calculated using DnaSP version 4.0 (Rozas et al., 2003) . Different allelic sequences (with at least one nucleotide difference) were assigned arbitrary numbers. For each strain, the combination of six alleles defined its allelic profile, and a unique allelic profile was designated a sequence type (ST). The discrimination index (DI) value was calculated on the basis of numbers of allelic types (j), numbers of strains belonging to each type (n j ), and total numbers of strains analysed (N), as described by Hunter & Gaston (1988) with the following equation:
A minimum evolution (ME) tree for L. casei strains was constructed by using MEGA software version 3.1, based on the numbers of parsimoniously informative sites, and the results of a bootstrapping test of strain phylogeny (Kumar et al., 2004) . The numbers of synonymous substitutions per synonymous site were calculated from the concatenated nucleotide sequences using the modified NeiGojobori Jukes-Cantor method implemented in the MEGA program. The Reticulate program (Jakobsen & Easteal, 1996) was used to identify putative regions of recombination or gene conversion through the construction of a compatibility matrix. Split decomposition analysis was performed using the SplitsTree program (Huson, 1998) .
RESULTS

API biochemical testing
Analysis of carbohydrate fermentation patterns by API biochemical testing demonstrated that all 40 L. casei strains could ferment galactose, glucose, fructose, mannose, mannitol, N-acetylglucosamine and tagatose, but they could not ferment glycerol, erythritol, arabinose, L-xylose, melibiose, raffinose, glycogen, xylitol, fucose, D-arabitol, potassium 2-ketogluconate and potassium 5-ketogluconate. Differences in carbohydrate utilization by L. casei strains are summarized in Table 3 , and some niche-specific phenotypic traits were identified. For example, the ability to utilize some C 5 sugar alcohols (e.g. adonitol), C 5 sugars (e.g. ribose) and C 6 sugar alcohols (e.g. sorbitol and dulcitol) was more prevalent in strains isolated from plant materials and human GI tracts than in cheese isolates. In contrast, the ability to ferment lactose was less common in strains isolated from plant materials than in those from cheese and human GI tracts.
Descriptive analysis of MLST loci and allelic diversity
Six widely distributed housekeeping gene loci ( Fig. 1) were chosen from the core L. casei genome (approx. 2771 ORFs). A descriptive analysis of MLST for each locus is presented in Table 4 . The MLST scheme revealed between 14 and 50 polymorphic sites in each gene, and a total of 199 SNPs in six loci. All six housekeeping-gene fragments had mol% G+C contents that were similar to the mean mol% G+C content of the L. casei genome (46.6 %). The majority of SNPs in all six genes were synonymous. A premature stop codon was not found in any of the non-synonymous SNPs. The mean pairwise nucleotide difference per site (p/site), and the mean pairwise nucleotide difference per sequence (k), were calculated for each gene. The higher the p or k value, the higher the level of intragenic nucleotide polymorphism. The p/site values of the six genes varied from 0.00418 in pgm to 0.0276 in metRS. Similarly, metRS had the highest k value among the six loci (17.6). Table 1 shows the allelic profiles and origins of all 40 L. casei strains analysed in this study. The number of alleles or allelic types per gene ranged from 10 (metRS) to 20 (mutL). Analysis of all six loci resulted in 36 STs, with a DI of 0.994. Generally, strains from the human GI tract, corn silage, wine and pickle displayed distinct allelic profiles at the six loci, except that L3 (a human GI tract strain) and 12A (a corn silage strain) shared identical alleles at all six loci. Two sets of cheese strains could not be differentiated by MLST. These included strains collected from Australia (ASCC 1087 and ASCC 1088), and strains collected from Australia (ASCC 1123) and Ireland (DPC 3968 and DPC 4249). Although metRS was determined to have the highest number of intragenic nucleotide polymorphisms, it was the least discriminatory gene for the 40 L. casei strains, as 23 of the 40 L. casei strains shared identical alleles (either allele 1 or allele 5). The metRS allele 1 appeared to be specific to cheese-derived strains, whereas the metRS allele 5 was observed in strains from all ecological origins, other than cheese. In contrast, mutL was determined to have an intermediate level of intragenic nucleotide polymorphisms, but separated the 40 strains into the highest numbers of alleles (n520). Therefore, mutL provided the highest discriminatory power for all 40 L. casei strains (DI 0.931), as well as for the 22 cheese-derived strains (DI 0.809).
Evidence for selection and recombination
Rates of synonymous and non-synonymous substitutions per site were estimated from concatenated allelic sequence alignments for each gene among the 40 L. casei strains (Table 3 ). The d S /d N ratio ranged from 33.6 for nrdD to 7.9 for mutL. Three genes (polA, metRS and nrdD) showed positive Tajima's D values (Tajima, 1989) , indicating potential balancing selection in these genes, which was consistent with higher numbers of polymorphisms and d S / d N ratios.
To probe potential recombination, we used the Reticulate program (Jakobsen & Easteal, 1996) , and constructed a compatibility matrix of 160 parsimoniously informative sites in the six gene fragments. Fig. 2 shows many highly incompatible sites between the six loci where nucleotide changes at these sites are inferred to have occurred multiple times, possibly due to recombination or repeated mutation (Jakobsen & Easteal, 1996) . We used split decomposition analysis to detect possible conflicting phylogenetic signals (Bandelt & Dress, 1992) . Evidence of recombination during evolution can also be detected when an interconnected network is displayed in the split graph (Huson, 1998) . The split graphs of all six loci showed different network structures (Fig. 3a) , suggesting intragenic recombination occurred during the evolution of these six loci. A combined split graph based on a distance matrix of pairwise distances of all alleles in the six loci also displayed a network-like structure, with several parallel paths indicative of the presence of incompatibilities resulting from recombination or recurrent mutation (Fig. 3b) . Additionally, the combined split graph generated three major clusters that are consistent with the clusters in the MLST phylogeny tree (Fig. 4a) . We have designated these groups clusters I, II and III, with cluster II representing most of the silage-derived strains, cluster III representing all cheese-derived strains, and cluster I representing the rest of the strains of various sources (Figs 3b and 4a) .
MLST-based strain phylogeny, and estimation of evolutionary time scale
A consensus phylogeny using the ME algorithm based on the MLST data resolved three significant clusters with .70 % bootstrap support, and several other distinct Genotypic and phenotypic characterization of L. casei branches among the SNP haplotypes (Fig. 4a) . The deepest node in the ME phylogeny separated most of the cheesederived strains from strains of the human GI tract and those of other food-related sources. The ME phylogeny provided consistent groupings with split decomposition (Fig. 3b) .
To estimate the divergence time in different clusters of L. casei, we used the ME phylogeny for the 40 strains based on concatenated sequences of the six MLST loci (a combined total of 1419 allelic codons) that could be rooted with homologous genes in the closely related species Pediococcus pentosaceus (.90 % nucleotide sequence identity over a minimum alignment length of 90 % of both genes). Divergence times between different clusters are indicated by the scale of years in Fig. 4(a) . Calculations were based on the number of single nucleotide substitutions in each strain, and the estimated rate of single nucleotide substitutions between Escherichia coli and Salmonella enterica of 4.7610 29 per site per year (Doolittle et al., 1996; Lawrence & Ochman, 1998) . Results indicated that the divergence of the three clusters of L. casei occurred approximately 1.5 million years ago, whereas most cheese and silage strains in clusters III and II seemed to have diversified more recently (Fig. 4a) .
Comparison to PFGE
The 40 L. casei strains were analysed by PFGE, and a UPGMA tree was constructed based on SfiI restriction patterns (Fig. 4b) . PFGE discriminated all the strains, including those not differentiated by MLST. When compared with the ME tree, the PFGE tree showed a similar topology for the L. casei strains, including a relatively large cluster of cheese-derived strains. However, some human GI tract strains (L9 and L6) and wine strains (A2-309 and A2-362) seemed to be closely related to the main clusters of cheese strains on bifurcating branches in the PFGE tree, conflicting with relationships shown in the ME tree. Also similar to the ME tree, strains from blood, pickle, human GI tract and corn silage appeared to be genetically diverse, and grouped in different clusters. In both the ME tree and the PFGE tree, cheese strains did not cluster based on their geographical origin.
DISCUSSION
Lactobacillus species play a key role in the production of fermented foods and beverages. However, few studies have characterized strains of different ecological origins using both genotypic and phenotypic approaches. We have assembled and characterized a set of 40 L. casei strains that have different ecological and geographical origins. While an earlier comparison of complete genome sequences of nine Lactobacillus species revealed frequent gene loss and acquisitions, presumably via HGT (Makarova et al., 2006) , this study reports, for what we believe to be the first time, evidence that recombination and selective pressure are likely to have contributed to the evolution of L. casei, possibly facilitating adaptation to different ecological niches.
API biochemical testing identified some niche-specific carbohydrate-utilization patterns. For instance, lactose utilization is less prevalent in plant isolates than in those from cheese and human GI tracts, presumably due to relatively recent acquisitions of lactose metabolic genes, which are often plasmid encoded , in cheese-derived strains, and presumably in strains isolated from cheese-and milk-consuming human hosts, via HGT and subsequent natural selection.
PFGE provided higher discriminatory power than MLST on differentiation of L. casei PFGE identifies large insertions, deletions and rearrangement of DNA, while MLST detects all the genetic variations within the amplified gene regions. Therefore, MLST is often found to provide better discriminatory ability than PFGE. However, in this study, although MLST provided good discriminatory power, differentiating 36 out of the 40 strains examined, PFGE was able to discriminate all the strains, including those that could not be separated by MLST. To improve the discriminatory power of MLST, we sequenced two additional genes (gdh, which encodes glutamate dehydrogenase, and gyrB, which encodes the b subunit of DNA gyrase) that have been reported to be polymorphic in a recent MLST study on L. plantarum (de las Rivas et al., 2006) ; nevertheless, we could not separate the four strains not differentiated by the six-gene MLST analysis (data not shown). This suggests that portions of the L. casei genomes harbouring insertions, deletions and rearrangement have accumulated at higher rates than slowly evolving intragenic point mutations in the housekeeping genes. In fact, complete sequencing of L. casei ATCC 334 has revealed 130 complete or partial transposase genes, and two phage-related gene clusters (Makarova et al., 2006; Ventura et al., 2006) . Also, LAB contain a relatively high number of plasmids, and the contribution of plasmidencoded genes ranges from 0 to 4.8 % among the total gene contents in the fully sequenced LAB genomes (Makarova et al., 2006) . Furthermore, comparison of the complete genomes of multiple strains of different Lactobacillus species has also revealed extensive gene loss and acquisitions in Lactobacillus genomes, mainly via bacteriophageand conjugation-mediated HGTs (Makarova et al., 2006) . Such genome events could be easily detected by PFGE, which is a DNA-banding-pattern-based method, but often they are missed by MLST.
Cluster analysis of L. casei suggests niche specificity MLST data for six housekeeping genes allowed us to group L. casei strains into three clusters: a cheese cluster, a silage cluster, and a cluster with strains of different origins, but primarily those from human GI tracts and cheeses. Some correlation was observed when comparing the ME tree with the PFGE tree. The topological discrepancies between the ME tree and the PFGE tree could be explained by the fact that PFGE is more sensitive in detecting large insertions, deletions and genome rearrangements than MLST. Due to the unpredictable mutation rates of insertions or deletions in L. casei genomes, we interpreted genetic relatedness among L. casei strains solely based on the ME tree.
Compared with nucleotide sequence diversity of many Gram-positive food-borne pathogens, such as Listeria monocytogenes (Nightingale et al., 2005) , L. casei housekeeping genes are relatively conserved, reflected by lower p values in general. The mean rate of intragenic polymorphism of the MLST loci analysed in this study ranged from 1.4 % (pgm) to 7.8 % (metRS) among the 40 L. casei strains examined. This rate is even lower in cheese and silage strains, implying that L. casei strains isolated from the same ecological niche have less nucleotide sequence diversity, and are likely to have been exposed to similar selective pressures in that ecological niche. More interestingly, the low rate of nucleotide polymorphism appeared to be independent of the geographical locations from where these L. casei strains were isolated, as cheese isolates do not cluster based on their geographical origins, suggesting that environmental selective pressures for cheese strains are the same regardless of geographical origin.
L. casei has a recombinatorial population structure
Even though L. casei strains are an industrially important LAB, with broad commercial applications (Mayra-Makinen & Bigret, 1998), their population structure has not been fully explored. Considerable reticulate evolution occurred between genes and network structures found in all six MLST loci by split decomposition, suggesting that many mutations are involved in parallel events, and that recombination in the MLST loci examined is frequent. These events may have facilitated rapid adaptation of L. casei to different environments. The existence of recombination is expected since many insertion sequences and several bacteriophage-associated genomic regions have been identified in the fully sequenced L. casei ATCC 334 genome (Makarova et al., 2006; Ventura et al., 2006) , providing opportunities for exchange of genetic materials. This is also consistent with previous reports that other Lactobacillus species display a recombinatorial population structure. For example, strong evidence for intraspecies recombination was observed in L. plantarum by both presence of network structure in split decomposition analysis and linkage equilibrium (de las Rivas et al., 2006) .
Although a high degree of recombination, and a high level of phylogenetic heterogeneity among the 40 L. casei strains, were observed, cheese strains in cluster III in both the ME tree ( Fig. 4a ) and the combined split graph (Fig. 3b) seemed to be clonal. This suggests that the cheese-derived L. casei strains in cluster III may have a common recent ancestor, despite having been isolated from different geographical locations, probably because dairy farming in both the USA and Australia are linked to immigration from Europe (Denmark and Ireland), and thus the common ancestor of these strains has been carried to different cheese plants around the world, and become a stable contaminant in a specific cheese plant.
Selective pressure was detected in the L. casei housekeeping genes
The housekeeping genes examined by MLST had mol% G+C contents that were similar to that of the rest of the L. casei genome. This suggests that these genes have been present in L. casei for a long period of time, rather than being recently acquired through HGT.
A majority of synonymous mutations (d S /d N of .1) indicates the predominance of a purifying selection, preferentially associated with elimination of variations in amino acids. In this study, the high d S /d N ratio (33.6) observed for nrdD is suggestive of strong purifying selective pressure (selection against non-synonymous substitutions at the DNA level). This value is similar to those estimated by using whole genome sequences of Lactobacillus gasseri and Lactobacillus johnsonii (38.5±0.5); these sequences reflected an unusually high mutation rate of the Lactobacillus species because of the intense evolutionary pressure (Makarova et al., 2006) . Synonymous and nonsynonymous substitutions in housekeeping genes can arise from random nucleotide mutations or intragenic recombination events via HGT. In this study, the majority of SNPs were found to be synonymous. Some of the nonsynonymous SNPs could possibly lead to adaptive niche expansion, and provide a selective advantage for L. casei to survive non-conventional habitats. However, a more indepth functional characterization will be necessary to elucidate the potential effects of these non-synonymous substitutions on protein structure and functionality, and their correlation to bacterial adaptation to different environmental niches.
Additionally, Tajima's D tests detected positive values on genes polA, metRS and nrdD. A positive Tajima's D value is an indication of a history of positive Darwinian selection, most likely to balance selection (to maintain the genetic polymorphisms within a population) on protein-coding genes in bacterial genomes. These three genes were also found to have high levels of nucleotide polymorphisms. Surprisingly, however, they were also the least discriminatory (generated the fewest alleles) of the six genes examined. A plausible explanation for the contradiction between high sequence polymorphisms and low discriminatory power found in the allelic profiles of the 40 L. casei strains examined is that many strains shared identical nucleotide sequences or alleles in these genes. This suggests that either these genes tend to avoid substantial diversification, or missense mutations in these genes leading to attenuated functionality have been purged by natural selection during L. casei evolution.
Divergence of different genetic clusters of L. casei was relatively recent
Based on the 199 SNPs found in this study, we estimate that the major lineages of L. casei diverged approximately 1.5 million years ago. Compared with the speciation time frame between E. coli and Salmonella, about 100 million years ago (Lawrence & Ochman, 1998) , the diversification of these clusters within the L. casei species is relatively recent. In particular, divergence of cheese clusters seems very recent. This is consistent with the fact that cheese is a relatively new ecological niche, as cheese manufacture is believed to have begun approximately 8000 years ago (Fox & McSweeney, 2004) . The recent intraspecies divergence of L. casei could have resulted from changes in its ecology, such as host shifts and adaptation to new environmental niches. Genome degradation (such as loss of ancestral genes) and metabolic simplification may have also contributed to the lineage diversification of L. casei populations (Makarova et al., 2006) . A more balanced strain selection for each ecological niche may increase the strength of the conclusions with respect to adaptive evolution towards specific niches. Further to this, more in-depth genomic and proteomic studies of additional L. casei strains should shed new insights on the evolution and geographical dissemination of this industrially important species.
